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kinase contribute to the confinement of b 2 ARcAMP signaling.
One possible mechanism that might be responsible for T-tubule-selective b 2 AR localization is the interaction of this receptor with lipid rafts (11) . To investigate the role of these structures in the b 2 AR localization and signaling, we performed SICM-FRET experiments in rat cardiomyocytes after membrane cholesterol depletion by methyl-b-cyclodextrin (MbCD). MbCD treatment did not cause any loss of T-tubules but induced b 2 AR redistribution and propagation of b 2 AR-cAMP signals from the crest of the cell ( fig. S8 ), which suggested that the interaction of b 2 ARs with cholesterol-rich membrane domains is important for normal b 2 AR localization and signal compartmentation.
On the basis of the observed distribution of b 1 and b 2 AR signals in failing versus healthy cardiomyocytes, we propose a model in which the compartmentation of the b 2 AR-cAMP signaling changes in heart failure ( fig. S9 ). Redistribution of the b 2 AR from the T-tubules to the cell crest in failing cardiomyocytes and the loss of proper PKA localization, observed also in human heart failure (24) , results in uncoupling of the b 2 ARs from the localized pools of PKA that are responsible for the compartmentation of the b 2 AR-cAMP signaling. Thus, in failing cells, activation of b 2 ARs leads to cell-wide cAMP signal propagation patterns, similar to the patterns observed for b 1 ARs (compare Fig. 4B and fig. S7D ). Upon redistribution of the receptor, b 2 AR signaling may lose its normally cardioprotective properties and may acquire the characteristics of the b 1 AR response, thus contributing to the heart failure phenotype. It has been previously noted that b 2 AR signals in ventricular myocytes from failing human hearts and animal heart failure models had functional effects more characteristic of the b 1 AR (25, 26) . The propagating b 2 AR-cAMP gradients that we observed in failing cardiomyocytes and in normal cardiomyocytes treated with rolipram or MbCD are compatible with the ability of b 2 ARs to induce phospholamban and troponin I phosphorylation that was reported in these experimental settings and that is associated with arrhythmogenic effects of the b 2 AR in heart failure (27) (28) (29) (30) .
In summary, using the SICM-FRET technique, we were able to functionally localize b 1 ARs and b 2 ARs to the surface structures of adult ventricular cardiomyocytes and to uncover the mechanisms leading to the abnormal cAMP compartmentation in heart failure. These findings should provide a deeper understanding of this cardiac disease and facilitate the development of new therapeutic strategies. a U.K. Medical Research Council grant (to J.G. and Y.E.K.) and a grant from Leducq Foundation (to S.E.H. and M.J.L.). Y.E.K. is a shareholder of, and P.N. has a consultancy agreement with, Ionscope Ltd., a company that sells scanning ion conductance microscopes. The cAMP sensor Epac2-camps used in this study is covered by a patent belonging to the University of Würzburg. It is being provided at no cost, but with a material transfer agreement, to nonprofit research institutes and universities.
Supporting Online Material Shelterin is an essential telomeric protein complex that prevents DNA damage signaling and DNA repair at mammalian chromosome ends. Here we report on the role of the TRF2-interacting factor Rap1, a conserved shelterin subunit of unknown function. We removed Rap1 from mouse telomeres either through gene deletion or by replacing TRF2 with a mutant that does not bind Rap1. Rap1 was dispensable for the essential functions of TRF2-repression of ATM kinase signaling and nonhomologous end joining (NHEJ)-and mice lacking telomeric Rap1 were viable and fertile. However, Rap1 was critical for the repression of homology-directed repair (HDR), which can alter telomere length. The data reveal that HDR at telomeres can take place in the absence of DNA damage foci and underscore the functional compartmentalization within shelterin.
T he shelterin subunit TRF2 is involved in the repression of the telomeric DNA damage response (1) . Deletion of TRF2 results in activation of the ataxia telangiectasia mutated (ATM) kinase and telomere fusions mediated by nonhomologous end joining (NHEJ). TRF2 also contributes to the repression of homology-directed repair (HDR), which can create undesirable telomeric sister chromatid exchanges (T-SCEs). HDR at telomeres occurs in Ku70/80-deficient cells upon deletion of either TRF2 or the two POT1 proteins (2, 3).
The repression of ATM signaling, NHEJ, and HDR by TRF2 could potentially involve Rap1, which depends on TRF2 for its stable expression and recruitment to telomeres (4, 5 mere protection is one of the functions of the distantly related Rap1 orthologs in yeast. In Saccharomyces cerevisiae and Schizosccharomyces pombe, Rap1 contributes to the repression of NHEJ at chromosome ends, whereas Kluyveromyces lactis Rap1 represses HDR (6) (7) (8) (9) . Human Rap1 affects telomere-length homeostasis and has been reported to repress telomere fusions (10) (11) (12) . Here, we determined how Rap1 loss affects telomere function by generating mouse cells lacking a functional Rap1 gene or lacking the endogenous TRF2 and complemented with a TRF2 mutant incapable of binding Rap1.
Because the first exon of the mouse Rap1 gene immediately abuts the essential Kars lysyltRNA synthetase gene, we developed a conditional knockout strategy to delete exon 2 ( Fig. 1 , A to C). The Rap1
Dex2 allele generated by Cre recombinase treatment of Rap1 F/F cells can potentially encode a Rap1 fragment that lacks the TRF2-binding domain (Fig. 1A) . We verified that this truncated form of Rap1, if it were produced, would not bind chromatin or localize to telomeres ( fig. S1 , A to C). Immunofluorescence (IF) and immunoblotting showed that Cre-treated SV40LT-immortalized Rap1 F/F mouse embryonic fibroblasts (MEFs) indeed lacked any detectable Rap1 protein, and chromatin immunoprecipitation (ChIP) showed the loss of Rap1 from telomeres ( Fig. 1, D to F, and fig.  S1D ). The expression and localization of other shelterin components were not significantly affected ( Fig. 1, D to F, and fig. S1E ).
The growth rate of the Rap1 Dex2/Dex2 MEFs was similar to that of control cells, regardless of whether the cells were immortalized with SV40LT, and primary MEFs lacking wild-type Rap1 did not show a growth arrest or p53 activation ( Fig. 1G and fig. S1 , F and G). Furthermore, Rap1
Dex2/Dex2 mice were born at the expected frequencies and were fertile (Fig. 1H ).
The survival of Rap1
Dex2/Dex2 cells and mice indicates that Rap1 deletion does not result in major telomere dysfunction, which is known to be lethal. We further corroborated this conclusion by infecting Rap1
Dex2/Dex2 MEFs with a short hairpin RNA (shRNA)-targeting exon 1 ( Fig. 1A and fig. S1H ), which did not induce a growth arrest or other phenotypes typical of telomere dysfunction.
In the second approach to remove Rap1 from telomeres, we used previously characterized TRF2 , we deleted amino acids 284 to 297 ( Fig. 2A) . TRF2 DRap1 failed to bind to Rap1 in coimmunoprecipitation experiments, whereas it retained its interaction with Apollo (Fig. 2B) . Wild-type TRF2 and TRF2
DRap1 were expressed in TRF2
MEFs, and the endogenous TRF2 was removed with Cre ( Fig. 2C) . Although TRF2 DRap1 localized to telomeres efficiently, IF and ChIP indicated that the telomeres lacked Rap1, and the overall abundance of Rap1 in the cells was reduced (Fig. 2, C to E, and fig. S3A ). Other shelterin components were affected to an extent (less than twofold; Fig. 2 , D and E) that is not expected to be functionally important because heterozygous MEFs and mice lacking one copy of TRF1, TPP1, TRF2, or POT1a/b display no telomere defect. Consistent with the viability of Rap1
Dex2/Dex2 cells, cells expressing TRF2
DRap1 proliferated at the same rate as cells expressing wild-type TRF2 ( fig. S3B ).
Rap1
Dex2/Dex2 cells did not show telomere dysfunction-induced foci [TIFs (13) ], which are telomeric DNA damage foci that report on ATM and/or ATR (ataxia telangiectasia and Rad3-related) signaling at chromosome ends, and phosphorylation of Chk1 and Chk2 was not evident (Fig. 3, A to C) . Further depletion of Rap1 mRNA with an shRNA also failed to elicit a DNA damage signal in Rap1
Dex2/Dex2 cells (Fig. 3B) . Consistent with these results, TRF2
DRap1 was equivalent to wild-type TRF2 in its ability to repress TIFs in cells lacking the endogenous TRF2 (Fig. 3D) . The mutant form of TRF2 also repressed the induction of Chk-2 phosphorylation to the same extent as wildtype TRF2 (Fig. 3E) . The low level of Chk2-P observed in Cre-treated TRF2-and TRF2
DRap1
expressing cells is likely due to Cre-induced DNA damage, because the phosphorylation of Chk2 was diminished when using a version of Cre that eventually disappears from the cells due to self-deletion ( fig. S4 ). Furthermore, telomere fusions were not induced by deletion of Rap1, and TRF2
DRap1 had the same ability as wildtype TRF2 to repress NHEJ at telomeres (Fig. 3,  F to H) . However, because NHEJ of telomeres lacking TRF2 requires active DNA damage signaling (14) , the lack of telomere fusions could be due to the lack of ATM or ATR activation. We therefore used a TPP1 shRNA to activate ATR kinase signaling at telomeres. This approach previously resulted in the reactivation of NHEJ at telomeres of cells lacking both TRF2 and ATM (14) . Despite the telomeric ATR kinase signal elicited by the TPP1 shRNA (Fig. 3,  B and D) , Rap1 removal from telomeres did not induce their fusion (Fig. 3, G and H) .
Thus, Rap1 does not appear to be required in the repression of either NHEJ or ATM kinase signaling, explaining why the deletion of Rap1 does not curb cellular or organismal viability. In addition, Rap1 was not required for the maintenance of several other features of mouse telomeres, including the maintenance of telomere length over three generations of mouse breeding and in cultured cells, the amount of single-stranded telomeric DNA, the telomeric nucleosomal organization, the methylation of telomeric H3K9, and the abundance of telomeric transcripts [TERRA (15) HDR threatens telomere integrity because unequal T-SCEs can change telomere lengths. T-SCEs are most frequent when either TRF2 or POT1a/b are deleted from Ku-deficient cells (2, 3), although low frequency of T-SCEs have been reported for POT1a deficiency alone (16) . To determine whether Rap1 was required for TRF2-mediated repression of T-SCEs, we introduced TRF2
DRap1 into SV40LT-immortalized TRF2 F/− Ku70 −/− MEFs, which display frequent T-SCEs upon deletion of TRF2 with Cre (2) (Fig.  4) . Whereas the telomeric exchanges were repressed by wild-type TRF2, TRF2
DRap1 failed to block the telomeric HDR (Fig. 4, A to D) . The frequency of T-SCEs was the same whether the cells expressed TRF2 DRap1 or no TRF2. Furthermore, T-SCEs were induced by Cre-mediated deletion of Rap1 from Rap1
−/− cells (Fig.  4E) . The T-SCEs occurred despite the absence of TIFs in cells lacking both Ku70 and telomeric Rap1 ( fig. S6 ).
These data indicate that Rap1 functions at mouse telomeres to repress HDR, which has the potential for generating shortened telomeres and can promote telomerase-independent telomere maintenance. Rap1 appears to be an adaptor protein: Its C terminus serves to anchor the protein in shelterin; its BRCT domain, when dimerized in the shelterin complex, could bind a phosphorylated target protein; and the surface charge of its Myb-type motif makes it a third potential protein-interaction domain (17) . As adaptors, the Rap1 orthologs could fulfill diverse functions in different organisms, because alterations in one of the protein-interaction domains could endow Rap1 with a new binding partner and thus instigate a new function.
These results underscore the functional compartmentalization within shelterin (Fig. 4F) , which contains at least four subunits dedicated to distinct functions. The replication of telomeric DNA is facilitated by TRF1 (18) , and TPP1/POT1 are required for the repression of ATR signaling (1, 19) . TRF2 is the predominant repressor of both ATM signaling and NHEJ, and the current data show that these functions of TRF2 do not require Rap1. Finally, our results identify a fifth component of shelterin, Rap1, as an important repressor of HDR. Repression of HDR also requires TPP1/POT1 because removal of either Rap1 or POT1a/b result in telomere recombination. In a parallel pathway, Ku70/80 inhibits HDR, but it has not been established whether this function is telomere specific (2) . This separation of function revealed that telomeres can undergo HDR without being detected by the ATM and ATR kinase pathways. When HDR takes place at telomeres lacking TRF2 or POT1a/b, DNA damage signaling results in the formation of TIFs. In the case of Rap1 removal, however, the telomeres lack detectable TIFs, yet are susceptible to HDR. Thus, consistent with the telomere recombination events in yeast lacking both Mec1 and Tel1 (20) , the formation of DNA damage foci at telomeres is not a prerequisite for HDR. This PDF file includes:
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Rap1 gene targeting
The Rap1 targeting vector was generated by cloning restriction fragments from a BAC clone into the pSL301 vector (InVitrogen). 
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Cell culture procedures and retroviral infection
MEFs were isolated from E13.5 embryos and maintained in DMEM supplemented with 1 mM Na-pyruvate, 100 U of penicillin per ml, 0.1 µg of streptomycin per ml, 0.2 mM Lglutamine, 0.1 mM nonessential amino acids, and 15% (vol/vol) fetal calf serum (FCS).
Primary MEFs were immortalized by retroviral infection with pBabeSV40-LT (a gift from
Greg Hannon) and cultured in media with 10% FCS without sodium pyruvate. TRF2
F/-p53 -/-and TRF2 F/-Ku70 -/-MEFs were previously described (2, 3) . Cre recombinase was introduced using Hit&Run-Cre or pWZL-Cre as described previously (2, 3) . TRF2
F292S
and TRF2 A289S were generated by site-directed mutagenesis. TRF2 ∆Rap1 (lacking aa 284- 
Cell Fractionation
Cell fractionation experiments were performed as described by Mendez and Stillman (5).
Briefly, cells were collected by trypsinization, washed in PBS and incubated for 10 minutes in ice-cold buffer A (10 mM HEPES, pH 7.9, 10mM KCl, 1.5mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor mixture) containing 0.1 % Triton X-100. The cytoplasmic fraction was collected by centrifugation at 1300 g for 4 min. The cell pellet was then incubated with buffer B (3 mM, EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, and the protease inhibitors described above) for 30 min. The lysate was fractionated to obtain nuclear fraction (supernatant) and chromatin bound fraction (pellet) by centrifugation at 1700 g for 4 min.
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IF-FISH
IF-FISH to detect the telomeric localization of shelterin proteins and TIFs was performed as described previously (6) . Cells grown on coverslips were fixed for 10 min in 2% paraformaldehyde at room temperature followed by three 5 min washes with PBS. Cells were incubated in blocking solution (1 mg/ml BSA, 3% goat serum, 0.1% Triton X-100, 1 mM EDTA in PBS) for 30 min, followed by incubation with primary antibodies in blocking solution for 1 hour at room temperature; 53BP1 (100-304) (Rabbit polyclonal, Novus After incubation for 2 hour at room temperature, cells were washed twice in washing solution (70% formamide, 10 mM Tris-HCl, pH 7.2), and three times in PBS. DNA was counterstained with DAPI and slides were mounted in anti-fade reagent (ProLong Gold, Invitrogen). Digital images were captured with a Zeiss Axioplan II microscope with a Hamamatsu C4742-95 camera using Improvision OpenLab software.
Telomeric ChIP analysis
Telomeric DNA CHIP was done as previously described (7) . 
FISH and CO-FISH
FISH and CO-FISH analysis of telomeric DNA was done as previously described (2, 3) . Exonuclease III, the slides were probed sequentially with TAMRAOO-(TTAGGG) 3 followed by FITC-OO-(CCCTAA) 3 PNA probe (2 hours each).
Analysis of telom ere overhangs and telom ere length
Analysis of telomeric overhang and telomere length was performed using pulse-field gel electrophoresis and in gel hybridization as previously described (8) .
MNase digestion
Telomeric nucleosomal configuration was assessed using MNase digestion assays following described protocols (9) .
Northern analysis for TERRA
Total cellular RNA was prepared using RNeasy Mini Kit (Qiagen), according to the manufacturer instructions and Northern blot analysis was performed as previously described (10) . Briefly, 10 µg RNA was loaded onto 1.3% formaldehyde agarose gels and separated by gel electrophoresis. RNA was transferred to a Hybond membrane.
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The blot was prehybridized at 60°C for 1 h in Church mix (0.5 M Na 2 HPO 4 (pH 7.2), 1 mM EDTA, 7% SDS, and 1% BSA), followed by hybridization at 60°C overnight with 800-bp telomeric DNA probe from pSP73Sty11 labeled using Klenow fragment, CCCTAA primers, and α-[ 32 P]-dCTP. The blot was exposed to a PhosphorImager screen and scanned using Image-Quant software. 
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